Defects in ciliary assembly and function are responsible for a wide range of human diseases and syndromes called ciliopathies, includ ing PCD, which is a genetically heterogeneous group of recessive disorders characterized by defects in ciliary motility 1 . Individuals with PCD suffer from chronic destructive airway disease caused by abnormal mucociliary clearance of the airways. Abnormal sperm fla gellar propulsion contributes to male infertility. In most PCD variants, randomization of leftright body asymmetry is observed owing to defective nodal cilia motility, and approximately half of these cases show situs inversus or situs ambiguous 2 . Mutations causing PCD have been identified in genes encoding subunits (DNAH5, DNAH11, DNAI1, DNAI2, NME8 and DNAL1) or assembly factors (such as DNAAF1 and DNAAF2) of dynein arms 2-4 . In addition, mutations have been reported in genes encoding components of the radial spokes (RSPH4A and RSPH9), which result in intermittent or complete loss of the centralapparatus microtubules, and in CCDC103, whose product uniquely localizes to both the cytoplasm and the axoneme 5 .
A r t i c l e s
Defects in ciliary assembly and function are responsible for a wide range of human diseases and syndromes called ciliopathies, includ ing PCD, which is a genetically heterogeneous group of recessive disorders characterized by defects in ciliary motility 1 . Individuals with PCD suffer from chronic destructive airway disease caused by abnormal mucociliary clearance of the airways. Abnormal sperm fla gellar propulsion contributes to male infertility. In most PCD variants, randomization of leftright body asymmetry is observed owing to defective nodal cilia motility, and approximately half of these cases show situs inversus or situs ambiguous 2 . Mutations causing PCD have been identified in genes encoding subunits (DNAH5, DNAH11, DNAI1, DNAI2, NME8 and DNAL1) or assembly factors (such as DNAAF1 and DNAAF2) of dynein arms [2] [3] [4] . In addition, mutations have been reported in genes encoding components of the radial spokes (RSPH4A and RSPH9), which result in intermittent or complete loss of the centralapparatus microtubules, and in CCDC103, whose product uniquely localizes to both the cytoplasm and the axoneme 5 .
Ciliary structures important for regulating the dynein motors include the central pair apparatus, the radial spokes and the NDRC [6] [7] [8] [9] . Very recently, we reported that mutations in CCDC39 and CCDC40 cause a novel PCD variant characterized by altered ciliary beating due to defects in the assembly of both the NDRC and inner dynein arms 10, 11 . However, given the broad range of structural defects observed in these individuals with PCD 12 , it is unclear whether the encoded proteins are components of the NDRC or another axoneme substructure. The NDRC is a large, complex structure that is anchored to the Atubule of the outer doublet near radial spoke S2 and extends toward the Btubule of the adjacent outer doublet, resulting in a link that connects the outer doublets 13 . The NDRC is ideally positioned to transmit signals from the central pair and radial spokes to the inner and outer dynein arms; however, the mechanism by which the NDRC regulates dynein function is unclear.
In genetic screens to identify suppressors of paralyzed flagellar mutants in the green alga Chlamydomonas 7 , several mutants (termed drc mutants) were identified that disrupt the NDRC structure and closely associated inner dynein arms 8, 9, 13, 14 . Structural and bio chemical analysis of drc mutants indicates that the Chlamydomonas pf3 mutant is defective in DRC1 and shows the most severe defect in inner dynein arm and NDRC assembly of all of the drc mutants 8, 9, 13, 14 . As with other drc mutants, pf3 cells show reduced swimming speed and abnormal ciliary waveform characterized by reduced shear amplitude 15 .
Of the known DRC components, only DRC4 in Chlamydomonas (human ortholog GAS8, also known as GAS11) and CMF70 in Trypanosoma brucei (ortholog of DRC2 in Chlamydomonas) have been cloned and characterized at the molecular level as drc mutations 16, 17 . A requirement for GAS8 in ciliary motility and vertebrate develop ment has recently been demonstrated in zebrafish: gas8 morphants have several developmental defects typical for ciliary morphants and mutants, including hydrocephaly, neural cell death, leftright axis defects and impaired otolith biogenesis 18 . Several candidate DRC subunits have been identified by comparative twodimensional
The nexindynein regulatory complex subunit DRC1 is essential for motile cilia function in algae and humans gel-based proteomics, with the exception of DRC1 (Supplementary Table 1 ) 19 . Here, we identify a previously uncharacterized gene encod ing the DRC1 component in Chlamydomonas, further showing that the integrity of the NDRC is essential for regulating ciliary beat and that loss of the NDRC results in PCD in humans.
RESULTS

Identification of the Chlamydomonas DRC1 subunit
To identify the Chlamydomonas DRC1 subunit, we obtained the sequences of two DRC1 peptides, YLAAVEAYQSQLEG and QFVEVQNAYKE (courtesy of G. Piperno), by direct aminoacid sequencing of protein obtained from twodimensional gels of wild type axonemes (Online Methods). We then used the two peptide sequences to search the Chlamydomonas genome database (JGI ver sion 2.0). Peptide YLAAVEAYQSQLEG detected an unplaced genomic read (TIN310364.b1), whereas the other peptide yielded no matches in the database. Using the small amount of genomic sequence from TIN310364.b1, we analyzed Volvox carteri genomic sequences and identified several overlapping sequences that were compiled into a con sensus sequence and used for comparison with the NCBI database. A candidate human protein was identified (NP_659475.2; called C2orf39 or CCDC164) and was used to rescreen the Chlamydomonas genome database. This approach detected several unplaced genomic reads at the 5′ and 3′ ends of the gene. Using PCRbased methods, we obtained the sequence of the fulllength DRC1 cDNA ( Supplementary Fig. 1a and Supplementary Table 2) . Southern blot and RNA blot analy ses indicated that DRC1 is a singlecopy gene and that its mRNA is upregulated by deflagellation-a hallmark feature of mRNAs that encode ciliary proteins in Chlamydomonas 20 ( Supplementary  Fig. 1b,c) . As expected, the cloned sequences mapped to the PF3 locus ( Supplementary Fig. 1d ,e and Supplementary Table 3 ). The ORF predicts a highly conserved coiledcoil protein of 698 amino acids with a molecular weight of 79.3 kDa and a predicted isoelectric point (pI) of 5.57 ( Fig. 1) , characteristics consistent with those previously published for DRC1 (ref. 8) . The DRC1 subunit gene has orthologs in organisms with motile cilia, including the ortholog encoding the pre dicted human protein CCDC164 ( Fig. 1 and Supplementary Fig. 2 ).
Characterization of the Chlamydomonas mutant pf3
To confirm that DRC1 was defective in the pf3 mutant, we sequenced the DRC1 gene in pf3 and discovered a mutation that converts serine 6 to a stop codon ( Fig. 1 and Supplementary Fig. 3 ). The mutation is predicted to cause the pf3 mutant to express no DRC1 protein and is effectively a null allele. Consistent with this prediction, no DRC1 protein was detected in pf3 axonemes (Fig. 2a) using an antibody specific for the DRC1 protein (Supplementary Fig. 4 ). The band detected by the DRC1 specific antibody migrated on SDSPAGE with a relative molecular mass of ~80 kDa, consistent with the predicted molecular weight of DRC1. Also consistent with previous reports 8, 9, 19 , DRC1 was present in the drc mutants pf2, sup-pf4 (drc5) and sup-pf3 (drc4), as well as in mutants missing the outer dynein arm (pf28 and sup-pf2), the inner arm I1 or dynein f (pf9) and innerarm dyneins a, c and d (ida4) (Fig. 2a) .
To determine whether DRC1 is a bona fide subunit of the NDRC, we analyzed ciliary fractions for the presence of the DRC1 protein (Fig. 2b) . DRC1 is present in isolated axonemes and is not readily extracted by highsalt buffers that typically remove the dynein arms (0.6 M NaCl). DRC1 was released from the outer doublet micro tubules with other DRC subunits by extraction with sodium iodide, under conditions previously reported to release the radial spokes 8 . In contrast, the DRC subunits that remained in pf2 and pf3 axonemes were more readily extracted than the DRC subunits in wildtype axonemes. DRC1, present in pf2 axonemes, and DRC4, present in reduced amounts in pf3 axonemes, were readily extracted with 0.6 M NaCl, indicating that the association of the NDRC with the outer doublet microtubules is compromised in these mutants.
Furthermore, DRC1 sedimented with DRC4 as part of a large com plex that was greater than 19S ( Fig. 2c) in sucrose gradients of sodium iodide extracts from a representative wildtype strain expressing an HAtagged DRC4 subunit (pf2:PF2-HA) 17 . RSP16, a subunit of the radial spokes, and CaMIP3 (also known as FAP61), a subunit of the calmodulin spokeassociated complex (CSC), also cosedimented at ~19S, but the peak for these two proteins was shifted slightly relative to the peak fractions with the DRC subunits (Fig. 2c) . Notably, sedi mentation of the NDRC complex was altered in extracts from the drc mutant pf2, where DRC1 sedimented more broadly throughout the gradient, with a small peak at ~19S. In pf3 extracts, DRC4 sedimented at ~2S (Fig. 2c) , indicating that the DRC subunits that remain in pf3 dissociate into smaller subcomplexes.
Previous biochemical and structural analyses have shown that the pf3 mutant is severely defective in assembly of the NDRC and several innerarm structures 8, 9, 13, 14 . Further biochemical analysis of the pf3 mutant confirmed that DRC1 is required for the efficient assembly of certain inner dyneinarm subunits as well as subunits of the CSC 19, 21 . It was previously reported that a spot on twodimensional gels corresponding to both the IC140 subunit of inner arm I1 and the CaMIP3 subunit of the CSC was reduced in size and intensity in drc mutant axonemes 19 . Here, we show directly by protein blot with spe cific antibodies that assembly of CaMIP3 is reduced in pf3 axonemes relative to axonemes from a wildtype strain (Fig. 2d) , whereas IC140 amounts do not differ. These observations are consistent with recent findings that the CSC is located at the junction of radial spoke S2 and the NDRC 21 . Antibodies directed against the radial spoke subunit RSP16 and a conserved CCDC39 peptide indicated that the amounts of these two proteins were not significantly altered in pf3 axonemes (Fig. 2d) , consistent with previous reports 19 . However, in agreement with earlier studies 22 , blotting with antibody to tektin indicated that tektin amounts were substantially lower in the pf3 mutant.
Previous SDSPAGE analyses have indicated that innerarm DHC bands are reduced by ~50% in pf3 axonemes, and analysis of dynein extracts by fast protein liquid chromatography (FPLC) has shown a spe cific deficiency in innerarm dynein e corresponding to the DHC8 pro tein 8, 14, 23 . Structural analysis by cryoelectron tomography has shown that at least two innerarm densities are defective in pf3 axonemes: one density by radial spoke S2, corresponding to dynein e, and one density distal to S2, corresponding to either dynein b or dynein g 13 . More recently, cryoelectron tomography of Chlamydomonas axonemes has resolved the positions of several innerarm dyneins in the 96nm axoneme repeat, and the authors of this study proposed that dynein g is located at the position just distal to radial spoke S2 (ref. 24) . 
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To more clearly define the specific innerarm defects in pf3, we assessed the amounts of several innerarm subunits in pf3 relative to those in a wildtype strain. Protein blots probed with antibodies for DHC5 (dynein b), DHC9 (dynein c) and DHC11 did not detect major reductions in the amounts of these DHC isoforms (Fig. 2d) . DHC11, as well as DHC3 and DHC4, are heavychain subunits of uncharacter ized innerarm dyneins that are located in the proximal region of the axoneme 23 . The amounts of Rib72, an integral component of the outer doublet microtubules, were also unchanged in pf3 mutant axonemes. However, the amounts of the lightchain subunits associated with innerarm dynein d (p44, p38 and p28), innerarm dynein a, c and d (p28), and innerarm dyneins b, e and g (centrin) were all lower in pf3 axonemes relative to the wildtype strain, indicating that the assembly of multiple innerarm isoforms is affected by loss of DRC1.
To further assess the innerarm defects in the pf3 mutant, we analyzed the DHC content of wildtype and pf3 axonemes by mass spectrometry and spectral counting (Supplementary Fig. 5 ). The total number of assigned spectra for each DHC was compared to the total number of assigned spectra for the two DHCs of the I1 dynein. Analysis of total spectra indicated lower amounts of DHC2 (dynein d), DHC4 (minor innerarm species), DHC7 (dynein g) and DHC9 (dynein c) and the complete absence of DHC8 (dynein e). The absence of DHC8 (dynein e) and the significant reduction in DHC7 (dynein g) are consistent with the cryoelectron tomography studies described here 13, 24 . The observed reductions in DHC2 (dynein d) and DHC9 (dynein c) amounts have not yet been correlated with struc tural defects, but it noteworthy that both of these dyneins are located in the distal half of the 96nm axoneme repeat. The amounts of DHC3 (minor innerarm species), DHC6 (dynein a) and DHC11 (minor innerarm species) were not significantly (P < 0.05) different in the pf3 and wildtype strains, whereas the abundance of DHC5 seemed to be slightly higher in the mutant when measured by this method. Thus, disruption of the DRC1 subunit results in profound defects in the assembly of specific innerarm DHCs (Supplementary Fig. 5 ), and all of the affected DHCs have been localized in close proximity to the NDRC by independent structural studies 8,9,13,14 .
The human DRC1 ortholog is disrupted in individuals with PCD On the basis of the wellcharacterized ciliary phenotype of the Chlamydomonas pf3 mutant, we considered the human DRC1 ortholog, CCDC164, to be a prime candidate for a causative role in PCD. Notably, the CCDC164 gene is primarily expressed in the lung, brain and prostate 25 . We performed wholegenome scans using SNP arrays (10K Affymetrix SNP array) in several families with PCD (data not shown). In family OP26 with PCD, linkage analysis identified a positional candidate region on chromosome 2 (13 Mb; Zm1.20) that contained the CCDC164 gene. The results of haplotype analy sis were consistent with homozygosity by descent ( Supplementary  Fig. 6 ). Amplification and sequencing of CCDC164 exons identi fied a homozygous nonsense mutation (c.2056A>T) that is pre dicted to cause a premature stop of translation (p.Lys686*) in subject OP26II1; both parents were heterozygous carriers of the mutation (Supplementary Fig. 3b ). OP26II1 is a 15yearold Austrian male of Turkish ancestry. The parents are not consciously consanguineous but originate from the same remote region in Turkey. This individual has suffered from neonatal respiratory distress, recurrent pneumonia since infancy, chronic suppurative otitis media and chronic sinusitis, findings typically observed in PCD. Computed tomography, per formed at the age of 12 years, showed bronchiectasis, particularly of the middle lobe, together with mucous plugging ( Supplementary  Fig. 3c ). Other diseases, notably cystic fibrosis, were excluded by extensive investigations. Nasal nitric oxide (NO) measurement showed a markedly reduced nasal NO production rate of 14.6 nl/min, consistent with the diagnosis of PCD 26 .
To investigate the structural defects in CCDC164 (DRC1)defective human cilia, we examined axonemal structure by transmission elec tron microscopy (TEM) and highresolution immunofluorescence microscopy. Respiratory cilia have a characteristic 9+2 arrangement and N-DRC (pf2 (DRC4), pf3 (DRC1), sup-pf3, sup-pf4 (DRC5) show that DRC1 is specifically missing in the drc mutant pf3. Longer exposures for the pf3 mutant axonemes showed a very faint band that was missing in wild-type axonemes (data not shown), suggesting that reinitiation of translation at a downstream methionine may occur at very low levels in the pf3 mutant. WT, wild type. (b) Analysis of ciliary extracts shows that DRC1 is extracted from whole axonemes (WA) using 0.4-0.6 M NaI in the wild-type strain along with DRC4, with little remaining in the extracted outer doublets (OD). In the drc mutants pf2 and pf3, the residual N-DRC structure is extracted more readily by its release from the axoneme using high-salt buffers (0.6 M NaCl) or lower molarity NaI buffers (0.2 M NaI). (c) Velocity sedimentation of NaI extracts from wild-type (PF2-HA) axonemes on sucrose density gradients shows that the N-DRC (DRC1 and DRC4) sediments as a very large complex (>19S). Sedimentation of RSP16 of the radial spokes is shown as a control. In contrast, in the drc mutants pf2 and pf3, the residual N-DRC structure remaining in these mutant axonemes is readily disrupted. DRC1 sediments at ~19S in pf2, and DRC4 sediments at ~2S in pf3. Fraction numbers are indicated above each blot. (d) The drc1 mutation in pf3 results in altered amounts of inner-arm components (p44, p38, p28 and centrin), tektin and the CSC (CaM-IP3). Antibodies to DHC5, DHC9 and DHC11 suggest that the amounts of these inner-arm heavy chains are not significantly lower in the pf3 mutant. There are no observable defects in the amounts of the radial spokes (RSP16), dynein f (IC140), CCDC39 or Rib72.
npg of ciliary microtubules, along with axonemal structures, such as the radial spokes, dynein arms and the NDRC (Fig. 3a,b) . A diagram of normal ciliary 9+2 organization and NDRC structure is provided for clarity (Fig. 3a) . The region around the NDRC is enlarged to show the predicted locations of the DRC subunits within the NDRC structure. Notably, most crosssections of nasal respiratory cilia from OP26II1 showed no pronounced alterations in the arrangement of outer doublet microtubules (Fig. 3b,c) . Only a few cilia showed unspe cific ultrastructural alterations, including substitution of peripheral doublets by single tubules or the presence of supernummary single tubules. However, careful analysis of the crosssections identified more subtle ultrastructural changes indicative of alterations in the NDRCs. In normal subjects, some nexin links could be seen in each crosssection in almost every cilium by routine TEM 27 . Notably, in CCDC164mutant respiratory cilia, we did not observe any nexin links in all the analyzed crosssections, consistent with structural analyses of pf3 by image averaging of TEM sections and cryoelectron tomography 13, 14 . Our ultrastructural findings resembled reported observations in two Swedish families (OP59 and OP39) with three individuals affected with PCD possibly caused by the absence of nexin links 27 . Respiratory cilia from one of these individuals (OP59II2) showed normal 9+2 ciliary microtubule organization with an absence of any observable NDRC link (Fig. 3d) . The ultrastructures of the outer and inner dyneinarm structures appeared normal, which we confirmed by immunofluorescence using antibodies specific for the outerarm (DNAH5) and innerarm (DNALI1, corresponding to Chlamydomonas p28 light chain) dynein subunits (Supplementary Fig. 7) . Notably, lower p28 amounts were observed in Chlamydomonas pf3 axonemes, whereas the correspond ing light chain was localized to respiratory cilia in subject OP26II1 and OP-59II2 (f). Axoneme-specific antibodies against α/β-tubulin (red, a-c) and acetylated α-tubulin (green, d-f) were used as axonemal control. Nuclei were stained with Hoechst 33342 (blue). In respiratory epithelial cells from controls, GAS11 (green, a) and LRRC48 (red, d) localize along the entire length of the axonemes. In respiratory epithelial cells from subjects with PCD carrying CCDC164 mutations, GAS11 (shown for OP-26II1 (b) and OP-39II1 (c)) and LRRC48 (shown for OP-39II1 (e) and OP-59II2 (f)) are completely absent from the ciliary axonemes. Yellow staining within the ciliary axoneme (a,d) indicates that both proteins colocalize within respiratory cilia. Scale bars, 10 µm. npg A r t i c l e s with PCD. It is possible that a minor reduction in p28 amounts is simply not detected by the resolution offered by immunofluorescence. Alternatively, the mutation in OP26II1 disrupts the C terminus of the protein, and it is possible that a truncated CCDC164 protein is made in this individual, resulting in a less severe assembly defect. We were unable to confirm this possibility because antibodies to CCDC164 are not available that can be used for immunofluorescence.
We obtained DNA from the two families with PCD (OP59 and OP39) and found identical homozygous nonsense mutations (Supplementary Fig. 3b ) predicting early termination of translation (c.352C>T; p.Gln118*) in all three reported individuals with PCD. The mutations cosegregated with disease status, consistent with autosomal recessive inheritance of a common founder mutation (Supplementary Fig. 3b ). OP59II1 and OP59II2 are 17yearold and 19yearold male siblings, respectively. Both have had repeated upper and lower respiratory tract infections since birth. OP59II1 was operated on at 6 years of age with mastoidectomy and myringo plasty owing to chronic otitis media with therapyresistant discharge from the ear. There are no other siblings in family OP59. OP39II1 is a 32yearold woman having repeated upper and lower respira tory tract infections since infancy. She has been operated on several times for chronic rhinosinusitis and also with pulmonary lobectomy for atelectasis as a child. She has one healthy sibling. In summary, all affected individuals with PCD with recessive CCDC164 mutations had typical symptoms of PCD. Notably, none of the four affected individuals had situs inversus. We performed wholemount in situ hybridization on mouse embryos at embryonic day (E) 7.5 and iden tified specific expression of Ccdc164 in the pit cells of the mouse node, which carry motile cilia and are involved in leftright axis development (Supplementary Fig. 8 ). Therefore, we cannot exclude the possibility that CCDC164 mutations also cause randomization of leftright body asymmetry in humans.
Our genetic and ultrastructural findings indicate that CCDC164 deficiency in humans disrupts assembly of the NDRC, resulting in changes that resemble those observed in Chlamydomonas (Fig. 2) . To further corroborate our results, we analyzed respiratory cilia for the presence of the DRC proteins GAS11 (human DRC4) and LRRC48 (human DRC3). As expected, the DRC proteins GAS11 and LRRC48 were either absent or were present at severely reduced levels relative to control axonemes in ciliary axonemes of all analyzed individuals with PCD carrying CCDC164 mutations (Fig. 4) , confirming that CCD164 deficiency disrupts NDRC assembly. The findings from previous cryoelectron tomography studies to reconstruct the three dimensional structure of inner dynein arms as well as the NDRC in the Chlamydomonas pf3 mutant 13, 28 are consistent with our obser vations in CCDC164-mutant cilia in humans. The pf3 mutant lacks large parts of the NDRC structure and has reduced levels of several DRC subunits 7-9,13,14 .
CCDC164 mutations result in defective N-DRC assembly
Recently, we and others found that recessive mutations in CCDC39 and CCDC40 cause PCD with severe ultrastructural defects, such as marked tubular disorganization with displacement of peripheral outer doublets, as well as central pair apparatus and associated inner dynein arm defects 10, 11, 29 . Defective NDRC and innerdynein arm assembly in CCDC39 and CCDC40mutant cilia is characterized by the absence of the DRC component GAS11 (DRC4) and the inner dynein arm light chain DNALI1 (corresponding to Chlamydomonas light chain p28) from the ciliary axonemes. In addition, human CCDC39 and CCDC40mutant cilia lack axonemal CCDC39 localization. Therefore, we examined CCDC39 and DNALI1 localization in CCDC164mutant respiratory cells. In contrast to individuals with PCD with CCDC39 and CCDC40 mutations and to our results in Chlamydomonas with the pf3 mutant, the axonemal localization of the inner dynein arm protein DNALI1 was not altered in any of the four subjects with PCD carry ing CCDC164 mutations (Supplementary Fig. 7) . Consistently, we found normal axonemal CCDC39 localization in CCDC164mutant respiratory cilia (Supplementary Fig. 7) , indicating that the assembly of CCDC39 is not dependent on CCDC164 (DRC1) function, which is also consistent with the results observed in pf3 axonemes from Chlamydomonas (Fig. 2d) .
Thus, we provide genetic evidence that defects in the human CCDC164 gene result in a novel PCD variant characterized by defects in the NDRC links. Given the clinical manifestations of PCD and the phenotype of the Chlamydomonas pf3 mutant, we predicted that CCDC164-defective respiratory cilia would have abnormal cilia beating (a combination of ciliary beat frequency and ciliary waveform). To examine the functional consequences directly, we performed highspeed video microscopy of vital nasal ciliated respiratory cells obtained by nasal brush biopsies from normal individuals and subject OP26II1 (ref. 30) . Respiratory cilia from OP26II1 showed an increased beat frequency (8) (9) (10) (11) (12) Hz at room temperature versus 4-8 Hz for controls), a finding not observed for the Chlamydomonas pf3 mutant, for which flagellar beat frequencies were equal to or slightly reduced compared to wildtype flagella 15 . Although the waveform patterns of Chlamydomonas flagella and human cilia are distinct, both show the characteristic decreased amplitude of bending associated with defects in the NDRC (Fig. 5 and Supplementary Movies 1-4) 15 .
The degree of reduction of the beating amplitude was less severe than that observed in CCDC39 and CCDC40mutant respiratory cilia, where we previously showed a combined defect of the NDRC and inner dynein arm assembly 10, 11 . These differences in motility indicate that CCDC39 and CCDC40 mutations might have a more severe defect in NDRC and/or inner dynein arm assembly or func tion. Computer image averaging of CCDC39mutant axonemes in thin section has recently detected structural defects that extend beyond the NDRC region 12 . Thus, CCDC39 and CCDC40 might be part of an unidentified NDRC density and serve as an NDRC docking domain or associate with a closely connected axoneme substructure 13 .
DISCUSSION
Taken together, our findings provide strong evidence for the role of DRC1 in ciliary function and identify CCDC164 mutations as the cause of an autosomal recessive form of PCD. On the basis of our data, we propose that DRC1 is a highly conserved structural com ponent of the NDRC that is essential for NDRC integrity. In addi tion, it functions in the assembly and regulation of specific classes of inner dynein arm motors and may also function to restrict dynein driven microtubule sliding, thus aiding in the generation of ciliary bending [7] [8] [9] 13, 14 . We believe that this type of PCD variant can be eas ily overlooked by conventional TEM unless careful ultrastructural analyses of the micrographs and highspeed video microscopy to assess ciliary waveform are performed. Therefore, the diagnosis of this PCD variant is greatly aided by the demonstration of axonemal GAS11 and LRRC48 reduction by highresolution immunofluores cence microscopy. Similar to findings for the outer dynein arm 31 , the identification and molecular characterization of DRC1 and other NDRC components will greatly aid the ongoing and future diagnosis of PCD. In addition, Chlamydomonas will continue to be useful in the identification of conserved genes important for ciliary assembly and movement that, when defective, result in PCD. Fig. 1a and Supplementary Table 2 ). Additional primers were designed on the basis of homology to a closely related sequence in the Volvox genome. Linkage analyses and molecular methods were performed as described 17, 32 . To order the molecu lar map and identify sequences linked to the pf3 mutation, a pf3 mt+ strain was crossed to the polymorphic strain S1-D2, mt-, and the progeny of 30 tetrads were analyzed for sequence polymorphisms. Molecular markers were tested for pf3 linkage ( Supplementary Fig. 1d ,e) and are listed in Supplementary  Table 3 . The VFL1 gene is located within 60 kb of both HSP70 and GP337 and anchors the molecular map on the right arm of linkage group VIII (ref. 32) , whereas linkage to pf3 anchors the molecular map to the left arm of linkage group VIII (Supplementary Fig. 1e ). Methods for the isolation of genomic DNA and RNA, Southern blotting, RNA blotting, PCR and RTPCR are described in detail elsewhere 17, 32 . The CRY1 gene encoding ribosomal protein S14, used as a loading control for RNA blots, is described 33 .
URLs. Chlamydomonas
Cell culture, flagellar isolation and fractionation. The Chlamydomonas strains are listed in Supplementary Table 4 . Cell culture, genetic analyses and flagellar isolations were performed as described 34, 35 , except that flagella were demembranated with IGEPAL CA630 (SigmaAldrich). Isolated axonemes were sequentially extracted with 0.6 M NaCl and 0.2-0.6 M NaI to generate NaCl and NaI extracts and extracted outer doublet microtubules. All fractions were separated by SDSPAGE and analyzed by immunoblot using antibodies as described in Supplementary Table 5 . Velocity sedimentation on sucrose density gradients was performed as described 36 .
Production of a DRC1-specific antibody. A region of the Chlamydomonas DRC1 cDNA encoding amino acids 155-243 was PCR amplified and subcloned into the pCR2.1 TOPO cloning vector to generate plasmid pMW199.1. The insert from pMW199.1 was excised using EcoR1 and subcloned into the EcoR1 site of pET28A to generate plasmid pMW219.15, which was sequenced to con firm orientation. The resulting Histagged DRC1 fusion protein was expressed, purified over a nickel column (EMD Chemicals) and used as an antigen to immunize two rabbits (Spring Valley Labs). A DRC1-maltosebinding protein (MBP) fusion was created by excising the insert from pMW1991 with EcoR1 and subcloning it into the EcoR1 site of pMalC (New England BioLabs) to produce plasmid pMW260.1. The resulting antisera were either used directly, blot affinity purified against the DRC1MBP fusion protein or column affinity purified using the DRC1MBP fusion protein coupled to agarose resin (New England BioLabs). Some batches of antibody were also purified by preabsorp tion with methanolfixed pf3 cells.
Mass spectral counting. Wildtype and pf3 Chlamydomonas DHC content were analyzed by mass spectrometry at the Center for Mass Spectrometry and Proteomics at the University of Minnesota. For each DHC identified, we noted both the number of unique peptides and the total number of assigned spectra. The total number of spectra for each innerarm DHC was normalized to the total number of spectra for the I1 DHC subunits (which are not affected by the pf3 mutation 13, 14 ; Fig. 2d) . The numbers for each innerarm DHC were calculated as a fraction of the total I1 DHCs, converted to a percentage and then plotted on a graph.
Subjects with PCD and their families. Signed and informed consent was obtained from individuals fulfilling the diagnostic criteria of PCD and their family members using protocols approved by the Institutional Ethics Review Board at the University of Freiburg, the University of Muenster and collabo rating institutions (Supplementary Note) 37 . Genomic DNA was isolated via standard methods from blood samples or from lymphocyte cultures after EpsteinBarr virus transformation. We analyzed 20 unrelated families with PCD with defects involving the NDRC for the presence of mutations in the CCDC164 gene.
Imaging of human respiratory cilia. Ultrastructural and immunofluores cence analyses of human respiratory cilia from nasal brush biopsies were per formed as described 10 . Ciliary beating was assessed using video microscopy as described 10 .
In situ hybridization. Sense and antisense probes were generated using digoxigeninlabeled NTPs (Roche) and T7 or SP6 RNA polymerases, respec tively. Wholemount in situ hybridization was performed according to standard procedures, with minor modifications 38 . Images were captured using a Scion CFW1310C camera mounted on an Axioskop 2 plus microscope (Zeiss) and ImagePro Express.
